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Rare variant based evidence for oligogenic
contribution of neurodevelopmental pathway
genes to schizophrenia

Dear editors,

Family and twin studies suggest a multi-factorial polygenic thresh-
old model (MFPT) in schizophrenia (SZ) (Gottesman, 1991). This is sup-
ported by genome-wide association studies (GWASs) (Ripke et al.,
2014) and also polygenic burden of rare variants reported in individuals
with SZ (Purcell et al,, 2014). However, this model focusing on rare var-
iants has been rarely checked in families and whole exome sequencing
(WES) of multiply affected families and findings thereof, may facilitate
testing the model. Two multigenerational families of north Indian an-
cestry with multiple affected and unaffected members (Fig. 1a,b) were
recruited as previously described (John et al., 2018). WES was per-
formed on three affected members each from the two families, using
Agilent SureSelectXT Human All Exon V5 + UTR kit for library prepara-
tion and sequenced (101 bp paired end mode) on Illumina HiSeq 2000
sequencer, using a commercial facility (Medgenome Labs Pvt. Ltd., Ban-
galore, India). GATK Best Practices for germline variant discovery was
used for variant calling and the variants were annotated and prioritised
as described earlier (John et al., 2018) using KGGSeq and checked in the
remaining members by Sanger sequencing.

On an average, >97% of the target regions were covered with >10x
and had a mean on target depth of 54x across the samples. In family
#1 a total 45 protein sequence altering rare variants (MAF <0.01)
were seen to be shared across three affected siblings and were predicted
to be damaging by Polyphen2/SIFT and with CADD score >15. Contrary
to the expectation, none of these were homozygous/compound hetero-
zygous. We then explored for the possibility of multiple heterozygous
variants together contributing to the disease. To check the hypothesis
we focused on heterozygous variants in known candidate genes as pre-
viously described (John et al., 2018; Purcell et al., 2014). This resulted in,
three promising rare heterozygous missense variants in three different
genes namely FGFR3 (NM_022965:c.1412A>T:p.K471M); FGF4
(NM_002007:¢.380G>A:p.S127N); and RERE (NM_012102:c.4054G>A:
p.A1352T) (Fig. 1a). Variant in FGFR3 is inherited from unaffected father
and other two are inherited from unaffected mother. In family #2
(Fig. 1b) we identified a total of 41 rare heterozygous variants (MAF
<0.01) shared among the three SZ affected individuals, and absent in
the unaffected mother. These were predicted to be damaging by
Polyphen2/SIFT and CADD scores were >15. Further prioritisation of
the 41 variants done as mentioned above, resulted in identification of
three most promising missense variants in three different genes namely
EGFR (NM_005228:¢.3250G>A: p.D1084N;); FGFR1 (NM_023105:
¢.119A>C: p.D40A); and MDGA1 (NM_153487: c.2324G>A: p.R775Q)
(Fig. 1b). Variant in MDGA1 was absent in the individual with psychosis.

On screening of whole exome data of 357 unrelated but ethnicity
matched SZ individuals and 250 exomes of unrelated and non-
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psychiatric individuals available and used previously (John et al.,
2018), we identified multiple protein sequence altering rare (MAF
0.000009 to 0.006) variants including nine in RERE, eight in FGFR3, 13
in MDGAT1, four in EGFR, four in FGFR1 and two in FGF4. Furthermore,
five variants among these were observed in two or more affected indi-
viduals. Interestingly, one missense variant (NM_153487:¢c.2803C>T:p.
P935S) in MDGAT was observed in nine of 357 SZ exomes screened,
but was notably absent in the 250 exomes of unrelated and non-
psychiatric individuals.

All the six genes are well documented to be involved in
neurodevelopmental processes and more importantly, have been previ-
ously implicated in various neuropsychiatric disorders including SZ
and/other psychiatric disorders based on GWASs (FGFR1, EGFR and
RERE) (Ripke et al., 2014; Sklar et al., 2008); expression studies
reporting differential expression of these genes (EGFR, FGFR1, FGFR3
and RERE) (Gandal et al., 2018) in psychiatric disorders; and psychiatry
relevant behavioural abnormalities during inactivation of the gene in
rodents (EGFR, MDGA1, FGFR1 and FGFR3) (Connor et al., 2017;
McDonald et al., 2001; Stachowiak et al., 2013; Yokomaku et al.,
2005). Based on literature based functional relevance of these genes,
their likely dysfunction may be speculated to cause abnormal brain de-
velopment, this in turn may disrupt well known neurotransmitter sig-
nalling pathways leading to disease development. In summary, the
observed mode of inheritance of multiple rare variants (Fig. 1a, b) in
functionally relevant genes suggests that they may act in an additive
manner and provides elegant genetic evidence for the classical concept
of cumulative contribution of genes of minor/moderate effect in mani-
festation of complex traits.
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Fig. 1. Pedigrees of the schizophrenia families used in the study.

Project-Schizophrenia/2012-2013 and #BT/PR2425/Med13/089/2001 to Prof. B.K. Thelma
and Prof. S. N. Deshpande from the Department of Biotechnology, Government of India,
New Delhi; Grant #MH093246, #MH063480 and #TW009114 to Prof. V. L. Nimgaonkar
from NIMH, the Fogarty International Center, USA

References

Connor, S.A., Ammendrup-Johnsen, I, Kishimoto, Y., Karimi Tari, P., Cvetkovska, V.,
Harada, T., Ojima, D., Yamamoto, T., Wang, Y.T., Craig, A.M., 2017. Loss of synapse re-
pressor MDGA1 enhances perisomatic inhibition, confers resistance to network exci-
tation, and impairs cognitive function. Cell Rep. 21, 3637-3645. https://doi.org/
10.1016/j.celrep.2017.11.109.

Gandal, M.J,, Haney, ].R,, Parikshak, N.N., Leppa, V., Ramaswami, G., Hartl, C., Schork, AJ.,
Appadurai, V., Buil, A,, Werge, T.M,, Liu, C,, White, K.P., Horvath, S., Geschwind, D.H.,
2018. Shared molecular neuropathology across major psychiatric disorders parallels
polygenic overlap. Science (80-. ) 359, 693-697. https://doi.org/10.1126/science.
aad6469.

Gottesman, LI, 1991. Schizophrenia Genesis: The Origins of Madness. A Ser. Books
Psychol. https://doi.org/10.1136/jnnp.54.5.480-b.

John, J., Sharma, A., Kukshal, P., Bhatia, T., Nimgaonkar, V.L,, Deshpande, S.N., Thelma, BK,,
2018. Rare variants in tissue inhibitor of metalloproteinase 2 as a risk factor for
schizophrenia: evidence from familial and cohort analysis. Schizophr. Bull. https://
doi.org/10.1093/schbul/sbx196.

McDonald, M.P., Miller, KM., Li, C,, Deng, C., Crawley, J.N., 2001. Motor deficits in fibro-
blast growth factor receptor-3 null mutant mice. Behav. Pharmacol. 12, 477-486.
https://doi.org/10.1097/00008877-200111000-00009.

Purcell, S.M., Moran, ].L., Fromer, M., Ruderfer, D., Solovieff, N., Roussos, P., O'Dushlaine, C.,
Chambert, K., Bergen, S.E., Kdhler, A., Duncan, L., Stahl, E., Genovese, G., Ferndndez, E.,
Collins, M.O., Komiyama, N.H., Choudhary, ].S., Magnusson, P.KE., Banks, E., Shakir, K.,
Garimella, K., Fennell, T., Depristo, M., Grant, S.G.N., Haggarty, S.J., Gabriel, S., Scolnick,
E.M,, Lander, E.S., Hultman, C.M., Sullivan, P.F., McCarroll, S.A,, Sklar, P., 2014. A poly-
genic burden of rare disruptive mutations in schizophrenia. Nature 506, 185-190.
https://doi.org/10.1038/nature12975.

Ripke, S., Neale, B.M., Corvin, A., Walters, J.T.R,, Farh, K.H., Holmans, P.A., Lee, P., Bulik-
Sullivan, B., Collier, D.A., Huang, H., Pers, T.H., Agartz, I., Agerbo, E., Albus, M.,

Alexander, M., Amin, F., Bacanu, S.A., Begemann, M., Belliveau, R.A,, Bene, ]., Bergen,
S.E., Bevilacqua, E., Bigdeli, T.B., Black, D.W., Bruggeman, R., Buccola, N.G., Buckner,
R.L., Byerley, W., Cahn, W., Cai, G., Campion, D., Cantor, R.M.,, Carr, V.J,, Carrera, N.,
Catts, S.V., Chambert, K.D., Chan, R.CK.,, Chen, R.Y.L, Chen, E.Y.H., Cheng, W.,
Cheung, E.F.C,, Chong, S.A., Cloninger, C.R., Cohen, D., Cohen, N., Cormican, P.,
Craddock, N., Crowley, JJ., Curtis, D., Davidson, M., Davis, K L., Degenhardt, F., Del
Favero, ]., Demontis, D., Dikeos, D., Dinan, T., Djurovic, S., Donohoe, G., Drapeau, E.,
Duan, J., Dudbridge, F., Durmishi, N., Eichhammer, P., Eriksson, J., Escott-Price, V.,
Essioux, L., Fanous, A.H., Farrell, M.S., Frank, J., Franke, L., Freedman, R., Freimer,
N.B., Friedl, M., Friedman, ].I, Fromer, M., Genovese, G., Georgieva, L., Giegling, I,
Giusti-Rodriguez, P., Godard, S., Goldstein, ].I, Golimbet, V., Gopal, S., Gratten, ]., De
Haan, L., Hammer, C., Hamshere, M.L,, Hansen, M., Hansen, T., Haroutunian, V.,
Hartmann, A.M., Henskens, F.A., Herms, S., Hirschhorn, J.N., Hoffmann, P., Hofman,
A., Hollegaard, M.V., Hougaard, D.M., Ikeda, M., Joa, L, Julia, A., Kahn, R.S.,
Kalaydjieva, L., Karachanak-Yankova, S., Karjalainen, J., Kavanagh, D., Keller, M.C.,
Kennedy, J.L., Khrunin, A., Kim, Y., Klovins, J., Knowles, ].A., Konte, B., Kucinskas, V.,
Kucinskiene, Z.A., Kuzelova-Ptackova, H., Kdhler, AK, Laurent, C., Keong, ].L.C., Lee,
S.H., Legge, S.E., Lerer, B., Li, M,, Li, T., Liang, K.Y., Lieberman, J., Limborska, S.,
Loughland, C.M,, Lubinski, ., Lénnqvist, J., Macek, M., Magnusson, P.K.E., Maher, B.S.,
Maier, W., Mallet, J., Marsal, S., Mattheisen, M., Mattingsdal, M., McCarley, RW.,
McDonald, C., McIntosh, A.M., Meier, S., Meijer, CJ., Melegh, B., Melle, I., Mesholam-
Gately, R.I, Metspalu, A., Michie, P.T., Milani, L., Milanova, V., Mokrab, Y., Morris,
D.W., Mors, O., Murphy, K.C., Murray, R.M., Myin-Germeys, 1., Miiller-Myhsok, B.,
Nelis, M., Nenadic, I., Nertney, D.A., Nestadt, G., Nicodemus, K.K., Nikitina-Zake, L.,
Nisenbaum, L., Nordin, A., O'Callaghan, E., O'Dushlaine, C., O'Neill, F.A,, Oh, S.Y.,
Olincy, A, Olsen, L., Van Os, ]., Pantelis, C., Papadimitriou, G.N., Papiol, S.,
Parkhomenko, E., Pato, M.T., Paunio, T., Pejovic-Milovancevic, M., Perkins, D.O.,
Pietildinen, O., Pimm, J., Pocklington, A.J., Powell, J., Price, A., Pulver, A.E., Purcell,
S.M., Quested, D., Rasmussen, H.B., Reichenberg, A., Reimers, M.A., Richards, A.L,
Roffman, ].L., Roussos, P., Ruderfer, D.M., Salomaa, V., Sanders, A.R., Schall, U.,
Schubert, CR., Schulze, T.G., Schwab, S.G., Scolnick, E.M., Scott, R]., Seidman, LJ., Shi,
J., Sigurdsson, E., Silagadze, T., Silverman, J.M., Sim, K., Slominsky, P., Smoller, J.W.,
So, H.C,, Spencer, C.C.A,, Stahl, E.A., Stefansson, H., Steinberg, S., Stogmann, E.,
Straub, RE.,, Strengman, E., Strohmaier, J., Stroup, T.S., Subramaniam, M., Suvisaari,
J., Svrakic, D.M., Szatkiewicz, ].P., Soderman, E., Thirumalai, S., Toncheva, D., Tosato,
S., Veijola, J., Waddington, J., Walsh, D., Wang, D., Wang, Q., Webb, B.T., Weiser, M.,


https://doi.org/10.1016/j.celrep.2017.11.109
https://doi.org/10.1016/j.celrep.2017.11.109
https://doi.org/10.1126/science.aad6469
https://doi.org/10.1126/science.aad6469
https://doi.org/10.1136/jnnp.54.5.480-b
https://doi.org/10.1093/schbul/sbx196
https://doi.org/10.1093/schbul/sbx196
https://doi.org/10.1097/00008877-200111000-00009
https://doi.org/10.1038/nature12975

298 Letter to the Editor

Wildenauer, D.B., Williams, N.M., Williams, S., Witt, S.H., Wolen, A.R., Wong, E.H.M,,
Wormley, B.K., Xi, H.S., Zai, C.C,, Zheng, X., Zimprich, F., Wray, N.R,, Stefansson, K.,
Visscher, P.M., Adolfsson, R., Andreassen, O.A., Blackwood, D.H.R., Bramon, E.,
Buxbaum, ].D., Berglum, A.D., Cichon, S., Darvasi, A., Domenici, E., Ehrenreich, H.,
Esko, T., Gejman, P.V,, Gill, M., Gurling, H., Hultman, C.M,, Iwata, N., Jablensky, A.V.,
Jonsson, E.G., Kendler, K.S., Kirov, G., Knight, J., Lencz, T., Levinson, D.F,, Li, Q.S., Liuy,
J., Malhotra, A.K., McCarroll, S.A.,, McQuillin, A., Moran, J.L., Mortensen, P.B., Mowry,
BJ., Nothen, M.M., Ophoff, R.A., Owen, M., Palotie, A., Pato, C.N., Petryshen, T.L,
Posthuma, D., Rietschel, M., Riley, B.P., Rujescu, D., Sham, P.C., Sklar, P., St Clair, D.,
Weinberger, D.R., Wendland, J.R., Werge, T., Daly, MJ., Sullivan, P.F., O'Donovan,
M.C,, 2014. Biological insights from 108 schizophrenia-associated genetic loci. Nature
511, 421-427. https://doi.org/10.1038/nature13595.

Sklar, P., Smoller, JW., Fan, ]., Ferreira, M.A.R, Perlis, RH., Chambert, K., Nimgaonkar, V.L.,
McQueen, M.B., Faraone, S.V., Kirby, A., de Bakker, P.LW., Ogdie, M.N., Thase, M.E.,
Sachs, G.S., Todd-Brown, K., Gabriel, S.B., Sougnez, C., Gates, C., Blumenstiel, B.,
Defelice, M., Ardlie, K.G., Franklin, J., Muir, W.J., McGhee, K.A., MacIntyre, D.J.,
McLean, A., VanBeck, M., McQuillin, A., Bass, N.J., Robinson, M., Lawrence, J., Anjorin,
A., Curtis, D., Scolnick, E.M., Daly, MJ., Blackwood, D.H., Gurling, H.M., Purcell, S.M.,
2008. Whole-genome association study of bipolar disorder. Mol. Psychiatry 13,
558-569. https://doi.org/10.1038/sj.mp.4002151.

Stachowiak, M.K., Kucinski, A., Curl, R,, Syposs, C., Yang, Y., Narla, S., Terranova, C., Prokop,
D., Klejbor, I, Bencherif, M., Birkaya, B., Corso, T., Parikh, A., Tzanakakis, E.S.,
Wersinger, S., Stachowiak, E.K., 2013. Schizophrenia: a neurodevelopmental disorder
- integrative genomic hypothesis and therapeutic implications from a transgenic
mouse model. Schizophr. Res. 143, 367-376.

Yokomaku, D., Jourdi, H., Kakita, A., Nagano, T., Takahashi, H., Takei, N., Nawa, H., 2005.
ErbB1 receptor ligands attenuate the expression of synaptic scaffolding proteins,
GRIP1 and SAP97, in developing neocortex. Neuroscience 136, 1037-1047. https://
doi.org/10.1016/j.neuroscience.2005.08.014.

Jibin John

Prachi Kukshal

Department of Genetics, University of Delhi South Campus, Benito Juarez
Road, New Delhi 110 021, India

Triptish Bhatia
Department of Psychiatry, PGIMER-Dr. RML Hospital, New Delhi 110 001,
India

V.L. Nimgaonkar

Department of Psychiatry, Western Psychiatric Institute and Clinic,
University of Pittsburgh School of Medicine, 3811 O'Hara Street, Pittsburgh,
PA 15213, USA

Department of Human Genetics, Graduate School of Public Health,
University of Pittsburgh, DeSoto St., Pittsburgh, PA 15213, USA

S.N. Deshpande

Department of Psychiatry, PGIMER-Dr. RML Hospital, New Delhi 110 001,
India

B.K. Thelma*

Department of Genetics, University of Delhi South Campus, Benito Juarez
Road, New Delhi 110 021, India

Corresponding author.

E-mail address: thelmabk@gmail.com.

20 October 2018


https://doi.org/10.1038/nature13595
https://doi.org/10.1038/sj.mp.4002151
http://refhub.elsevier.com/S0920-9964(18)30741-2/rf0045
http://refhub.elsevier.com/S0920-9964(18)30741-2/rf0045
http://refhub.elsevier.com/S0920-9964(18)30741-2/rf0045
https://doi.org/10.1016/j.neuroscience.2005.08.014
https://doi.org/10.1016/j.neuroscience.2005.08.014

	Rare variant based evidence for oligogenic contribution of neurodevelopmental pathway genes to schizophrenia
	Contributions
	Conflict of interest
	Acknowledgements
	References


